In September 2012, the free-falling, deep-diving instrument platform Deep Sound III descended to the bottom of the Tonga Trench, where it resided at a depth of 8515 m for almost 3 h, recording ambient noise data on four hydrophones arranged in a vertical L-shaped configuration. The time series from each of the hydrophones yielded the power spectrum of the noise over the frequency band 3 Hz to 30 kHz. The spatial coherence functions, along with the corresponding cross-correlation functions, were recovered from all available hydrophone pairs in the vertical and the horizontal. The vertical coherence and cross-correlation data closely follow the predictions of a simple theory of sea-surface noise in a semi-infinite ocean, suggesting that the seabed in the Tonga Trench is a very poor acoustic reflector, which is consistent with the fact that the sediment at the bottom of the trench consists of very-fine-grained material having an acoustic impedance similar to that of seawater. The horizontal coherence and cross-correlation data are a little more complicated, showing evidence of (a) bathymetric shadowing of the noise by the walls of the trench and (b) highly directional acoustic arrivals from the research vessel supporting the experiment.
I. INTRODUCTION
The Tonga Trench, located in the South Pacific Ocean, is about 1000 km long and orientated roughly NNE-SSW over most of its length, with its mid-point some 900 km SE of Fiji and 2300 km NE of Auckland, New Zealand. At its deepest point, known as the Horizon Deep, the depth is 10 882 m. In September 2012, two deep-diving instrument platforms, designated Deep Sound II and Deep Sound III, were deployed from the R/V Roger Revelle to the bottom of the Tonga Trench at a point where the depth is 8515 m. The general location of the Deep Sound experiment site, with coordinates 16 31.876 0 S, 172 12.093 0 W, is shown in Fig.  1 (a), with a more detailed view of the deployment and recovery positions depicted in Fig. 1 
(b).
Deep Sound is an autonomous (untethered), free-falling instrument platform consisting of a spherical pressure vessel, formed by two Vitrovex glass hemispheres, which houses data acquisition, data storage, and system control electronics. For protection, the glass sphere is enclosed in a high-density polyethylene (HDPE) "hard hat." After deployment, Deep Sound descends under gravity to a pre-assigned depth, where a burnwire releases a drop-weight, allowing the system to return to the surface under buoyancy. If the bottom is encountered before the drop-weight is released, the descent terminates and the system remains stationary on the seabed until such time as the burn-wire activates, thus releasing the drop-weight, and buoyancy again returns the system to the surface. While on the bottom, buoyancy ensures that the main body of Deep Sound, including the hydrophones, resides a couple of meters above the sea floor, as illustrated in Fig. 2 , although this can vary slightly, depending on the drop-weight and burn-wire configuration. A bank of lithium-ion batteries powers Deep Sound, allowing a maximum dwell time on the bottom, typically, of around 3 h with continuous data recording and correspondingly longer with a reduced duty cycle. On its return to the surface, three antennas (high-intensity strobe, RF transmitter, and GPS satellite navigation) facilitate recovery of the system.
On the latest variant of the system, Deep Sound III, a combination of accelerometers, gyroscopes, and magnetometers provides a six-axis (three-translational and three-rotational) inertial navigation capability. External to the glass sphere, several (as many as four, depending on the configuration) Hi-Tech HTI-99-DY hydrophones are mounted on a rectangular titanium frame that keeps the sensors as far from the motion-induced turbulent flow around the main body of the system as is practicable (in effect, about 1.5 sphere radii away from the centerline of the system, as illustrated in Fig.  2 ). Each hydrophone has a usable bandwidth of 30 kHz and is over-sampled at a rate of 204.8 kHz. Also external to the sphere are a conductivity-temperature-depth (CTD) probe and a sound velocity sensor (SVX), the latter operating on the sing-around principle. 1, 2 The CTD and the SVX were custom designed and built by Valeport to operate at hydrostatic pressures up to 1200 bar (equivalent to a depth of 12 km). The various data channels on the CTD and SVX are all sampled simultaneously, each at a rate of 0.5 Hz; and, according to the manufacturer's data sheet, the SVX has an accuracy of 60.02 m/s. Besides having the capability of profiling the whole water column in the deepest ocean, the instruments on board Deep Sound III, such as the CTD and SVX, require no cable connection to the surface for power supply and data transmission, unlike more conventional oceanographic instrumentation. 3 A fuller description of the engineering aspects of the Deep Sound instrument platforms may be found in Barclay et al. 4 The first deep deployment 5, 6 of the Deep Sound system was in the Philippine Sea during the ONR-supported PhilSea'09 experiment, 7, 8 when Deep Sound I recorded wind and rain noise from the sea surface down to a depth of 6000 m. A few months later, in November 2009, Deep Sound I and II were deployed in the Mariana Trench, 9 recording ambient noise and environmental data throughout the round trip from the surface to a depth of 9000 m. A second expedition to the Mariana Trench, in 2011, encountered severe weather in the form of Typhoon Mufia, which prohibited the deployment of any of the Deep Sound systems. More benign surface conditions prevailed in September 2012, when Deep Sound II and III were successfully deployed in the Tonga Trench, with both systems reaching and residing on the seabed at a depth of 8515 m.
Deep Sound III remained stationary on the bottom of the Tonga Trench for almost 3 h, recording broadband ambient noise continuously on three vertically and two horizontally aligned hydrophones. As illustrated in Fig. 2 , the four hydrophones (one of which was common to both configurations) were mounted on a rectangular titanium frame oriented in a vertical plane in an inverted L-shaped configuration that provided three pairwise separations in the vertical and one in the horizontal. The lowest hydrophone was about 2 m above the seabed. A titanium bail at the top of the frame facilitated recovery, allowing the system to be hooked and hoisted back onto the deck of the supporting research vessel. Throughout the descent and while residing on the bottom, the system recorded the ambient noise along with CTD and SVX data, but power budget limitations precluded data recording during the return to the surface. (The instrument was programmed to stay on the bottom for the life of the lithium battery pack minus a small safety margin.) All the hydrophones were fitted with flow shields, custom designed to keep the turbulent flow, 10 generated during the descent and ascent by the motion of the system through the water column, away from the active surfaces of the acoustic sensors.
The purpose of this article is to discuss the time series, the power spectral density, the vertical and horizontal coherence functions and the corresponding cross-correlation functions of the ambient noise observed by Deep Sound III while it was stationary on the bottom of the Tonga Trench during the September 2012 deployment. Before addressing the ambient noise data, however, the experimental and environmental conditions that prevailed during the deployment are described, including the depth-time profile of the instrument, as returned by the pressure sensor, the ocean sound speed profile, as recovered from the SVX, the orientation of the horizontally aligned hydrophone pair, as determined from the inertial navigation system (INS), and the geophysical properties of the seabed, as obtained from measurements on samples of the Tonga Trench sediment.
II. EXPERIMENTAL CONDITIONS
After Deep Sound III had been deployed, the support vessel, the R/V Roger Revelle, with its main engines idling, stood off 12.3 km to the south of the experiment site, as shown in Fig. 1(b) , where it performed two winched, watersampling rosette casts. Other shipping in the area was monitored visually, by radar and by radio, but no vessels were detected during the course of the experiment. From deployment to recovery, the sky was clear, and a small swell of 0.3-1 m, was running with no whitecaps present.
As shown in Fig. 3 , the wind was initially out of the east but, during the course of the deployment, gradually shifted towards the south by 70 , although the speed remained steady at 3 to 5 m/s. During the 18 h preceding the deployment, the wind was easterly and gusting between 4 and 10 m/s. The wind vector was recovered from a mast-mounted meteorological station on board the R/V Roger Revelle and converted to the standard height, 10 m above the sea surface, 11 using the measured air temperature, sea-surface temperature and humidity.
12 Figure 4 shows the depth profile as Deep Sound III descended into the Tonga Trench, resided on the bottom, and began its return to the surface. It is evident that the descent rate was uniform throughout the water column at 0.5 m/s, slightly slower than the 0.6 m/s of the PhilSea'09 deployment 6 of Deep Sound I, and that the system remained on the bottom at a depth of 8515 m for 165 min. The slower descent rate relative to that of prior deployments, along with flow shields on the hydrophones, helped to mitigate the effects of turbulence on the acoustic recordings. The flow shields also helped in reducing flow noise generated by ocean currents that may have been flowing past the hydrophones while the system was stationary on the bottom.
The sound speed profile, as measured directly by the SVX on Deep Sound III, is shown in Fig. 5 . It is similar in character to the sound speed profiles reported by Taira et al. 3 for the Challenger Deep, Mariana Trench, which they presumably computed from their CTD data. Since the minimum in the sound speed profile in Fig. 5 is moderately broad, it is difficult to identify precisely the depth of the sound channel axis but it can be seen to be close to 900 m. Well below the axis, at depths greater than about 4500 m, the speed of sound is almost completely controlled by the hydrostatic pressure and, accordingly, increases linearly with depth, again consistent with previous observations in the Challenger Deep. 3 The conjugate depth, where the sound speed is the same as at the sea surface, is at 5000 m, well above Deep Sound III when it was resting on the seabed, where the sound speed was c ¼ 1605 m/s.
Using the rotational data from the INS on board Deep Sound III, the orientation of the two horizontally aligned hydrophones, Ch 2 and Ch 3, can be determined. The alignment of these two hydrophones will be needed later in interpreting the horizontal coherence and cross-correlation of the ambient noise. While resting on the bottom, the vector running from Ch 2 to Ch 3 was on a bearing of 174 (magnetic), which, taking account of the local magnetic variation of 11 W, corresponds to 163 (true). 13 This heading, which is roughly parallel with the axis of the trench at this latitude, is close to the bearing of the R/V Roger Revelle, stationed 12.3 km to the south of the Deep Sound III deployment site [ Fig. 1(b) ].
During the Tonga Trench expedition, Professor Douglas Bartlett and colleagues took samples of the seabed in the vicinity of the Deep Sound III experiment site and kindly made them available to us for statistical analysis. The sediment at this location consists of a very-fine-grained silty-clay. A small sample of this material was carefully dried and several hundred individual grains were then photographed using a computer-controlled microscope, following a procedure previously developed for investigating coarser, sandy sediments. 14 From the images, the statistical properties of the grains were determined, including the size distribution, which is shown in Fig. 6 . The grain-size distribution is uni-modal with the peak at 8.2 phi units (3.4 lm). Weight and volume measurements for the (wet) density returned a value of 1400 kg/m 3 , slightly higher than that of seawater. The sediment sample size was too small to obtain a reliable measure of the porosity, but it is estimated to be between 0.8 and 0.9 from the linear relationship that exists between porosity and density. 15 The speed of sound in such a high-porosity sediment is essentially the same as that of the pore fluid 15 (seawater), which is equal to 1605 m/s in the present case. In effect, the seabed at the bottom of the Tonga Trench is a density-contrast interface with an acoustic impedance similar to that of seawater, making it a very poor reflector of sound.
The very-fine-grained material found at the bottom of the Tonga Trench appears to be very similar to sediments previously observed in deep ocean trenches, 16 ,17 most notably by Don Walsh and Jacques Piccard when they landed on the bottom of the Challenger Deep, Mariana Trench, in the Bathyscaph Trieste 18 on 23rd January 1960. They stirred up a cloud of very fine, light-colored sediment that they referred to as "diatomaceous ooze," which stayed in suspension in the water column for the entire time that they remained on the bottom (20 min). Such long-lasting turbidity is only possible with a very-fine-grained sediment because, with larger particles, gravity would overcome the frictional drag and the suspended material would sink back to the bottom. the four noise time series, taken 90 min into the bottomdwell period, are shown in Fig. 7 . All four time series are similar to one another in character, except that hydrophones Ch 0 and Ch 1 exhibit spikes at regularly spaced intervals of 0.75 s, which are not present in the other two channels. The spikes are artifacts, which, since Ch 0 and Ch1 are closest to the main body of Deep Sound III, including the externally mounted CTD and SVX, are thought to be due to system electrical noise.
The power spectrum of a noise waveform, x(t), is defined as
where X(x) is the Fourier transform of x(t), T is the transform interval, and the overbar denotes an ensemble average. To compute the power spectrum of the noise fluctuations from each of the four channels on Deep Sound III, a 60-s sample of each time series was sub-divided into 187 time segments of duration T ¼ 0.32 s. Since the sampling frequency is 204.8 kHz, each time segment contained N ¼ 65 536 points. A Fast Fourier transform (FFT) was performed on each segment, yielding 187 power spectra for each channel, which, when averaged, returned the four power spectra shown in Fig. 8 . The frequency cell width of these spectra is df ¼ 1/T ¼ 3.125 Hz.
Below 200 Hz, the spectra from Ch 0 and Ch 1 are noticeably higher than the other two spectra, a disparity which is attributed to the presence of the spikes, illustrated in spectra. Most of these spectral lines are harmonically related, originating from the R/V Roger Revelle, which was standing off to the south of the experiment site at a distance of 12.3 km, with its main engines idling, performing a rosette cast during the ambient noise recording. A broad peak labeled M1 just below 200 Hz, characteristic of machinery noise, also originates from the support vessel. At higher frequencies, 5 kHz and above, a series of narrow spikes, labeled F1 to F4, is present in the spectra from all the channels. At least two harmonic sequences can be identified in these higher-frequency spectral lines, which are associated with resonances in the titanium frame on which the hydrophones were mounted. These resonances may have been excited by the weak oceancurrent flow 19 past the Deep Sound structure, estimated from the lateral drift of the system between deployment and recovery to be on the order of 1 cm/s. Another narrow line, labeled U1 at 19.2 kHz, is of unknown origin. Further comments on the spectral lines from the R/V Roger Revelle and the frame resonances are made below in the discussion of the spatial coherence of the noise.
The straight line labeled f À5/3 in Fig. 8 illustrates the negative slope (À17 dB/decade) of the classical Knudsen spectrum 20,21 of wind-generated ambient noise in the ocean. At frequencies above 1 kHz, where surface-generated noise is expected to be significant, the ambient noise spectra in Fig. 8 follow a power law closer to f À1 , or À10 dB/decade, as depicted by the dashed line in Fig. 8 . This is noticeably shallower than the slope of the Knudsen spectrum. Although several reports, by other investigators, of deepwater ambient noise spectra have been published, [22] [23] [24] [25] [26] [27] few include measurements much above 1 kHz. It is, therefore, difficult to know whether the shallow slope of the wind-generated region of ambient noise spectra in Fig. 8 is typical of deep ocean trench environments. Such behavior, however, is puzzling and counter-intuitive. At such great depth, it might be supposed that higher-frequency, surface-generated noise would be more heavily attenuated than lower-frequency noise, giving rise to a spectrum with a steeper negative slope than that of the Knudsen spectrum; but it seems that such an argument is not consistent with the data.
IV. SPATIAL COHERENCE
The coherence function provides a measure of the similarity between the spectral components of two noise time series, x j (t) and x k (t), where, in the case of Deep Sound III, the subscripts j and k identify the channel numbers: j, k ¼ 0, 1, 2, or 3. Defined as the cross-spectral density normalized by the geometric mean of the power spectra of the two time series, the coherence function is
where the upper case letters are temporal Fourier transforms of the corresponding lower case functions of time, and the asterisk denotes complex conjugation. When X j (x) and X k (x) have a fixed phase relationship, that is,
where A is some deterministic, complex scaling function, then it is obvious that the magnitude of the coherence function is unity. A special case of this condition occurs when A is real, in which case the two stochastic transforms, X j (x) and X k (x), are phase-locked and the coherence function is real with a value of unity. In a spatially homogeneous ambient noise field, the coherence function depends on the separation and orientation of the sensor pair but not on the absolute positions of the sensors in the field. 28 Moreover, in such a noise field, and assuming that attenuation in the ocean is negligible-which may not be the case at high frequencies and great depths 29 then the coherence function depends, not on angular frequency, x, and sensor separation, d, separately, but only on the normalized frequency
where c is the speed of sound in the medium and k ¼ 2pc/x is the acoustic wavelength. It follows that, if the noise field is spatially homogeneous, plots of the coherence function against x for various values of d will all collapse onto the same curve.
To compute the coherence functions of the noise fluctuations from the four channels of Deep Sound III, 60-s samples were taken 90 min into the bottom dwell period and each was subdivided into 750 segments of duration T ¼ 0.08 s, corresponding to a frequency cell width of 12.5 Hz. Since the sampling rate was 204.8 kHz, each time segment contained N ¼ 16 384 points. On taking the N-point FFTs of the segments and performing the appropriate ensemble averaging, the coherence functions shown in Figs. 9-12 were obtained for the vertically and horizontally aligned hydrophone pairs.
In Figs. 9 and 10, where the coherence functions are plotted against frequency, it is clear that the coherence data are oscillatory with amplitudes that decay with increasing frequency. As discussed below, these oscillatory curves are associated primarily with surface-generated ambient noise produced by wind-driven breaking waves. Superimposed on the oscillatory curves are several very narrow lines, which can be identified with corresponding lines in the associated power spectra that are produced either by the R/V Roger Revelle (below 1 kHz) or by frame resonances (5 kHz and above).
A. Vertical coherence of wind-generated noise
The real and imaginary parts of any spatially homogeneous vertical coherence function arise, respectively, from the symmetrical and anti-symmetrical components of the vertical directional density function about the horizontal. 30 Clearly, the amplitudes of the oscillations in the imaginary parts of the vertical coherence functions in Fig. 9 are significantly greater than zero, indicating that the associated noise field must be asymmetrical about the horizontal and predominantly downward traveling. (If the noise were upward traveling, the first turning point in the imaginary curves would be a maximum rather than a minimum.)
Cron and Sherman developed a theory 31, 32 of surfacegenerated noise in an infinitely deep, homogeneous ocean, which yields the following expression for the vertical coherence function:
where x is as defined in Eq. (3) for a sensor separation d ¼ d jk . The coherence function in Eq. (4) represents a spatially homogeneous noise field consisting of downward traveling plane waves with a vertical directional density function (i.e., the directional density function integrated over azimuth)
where h is the polar angle measured from the zenith. Strictly, the sea-surface noise model should include a spatially inhomogeneous term in the coherence function, 33 but this is significant only within a few wavelengths of the surface, having a negligible effect at great depth, and hence has been neglected in Eq. (4). Figure 11 shows the vertical coherence functions from Fig. 9 plotted against the normalized angular frequency, x, which was evaluated using the local sound speed, c ¼ 1605 m/s, at the bottom of the Tonga Trench (see Fig. 5 ). For each pair of sensors, the appropriate value of the separation, d, was used in computing x from Eq. (3). It can be seen in Fig. 11 that the curves from the three different sensor separations collapse onto a single curve, signifying that the observed noise field is indeed spatially homogeneous. Also plotted in Fig. 11 are the real and imaginary parts of the vertical coherence function for wind-generated noise from the expression of Cron and Sherman 31, 32 in Eq. (4). The theoretical curves match the features, particularly the zeros, of all three data sets reasonably well, but they slightly overestimate the amplitudes, which could be due to a low level of uncorrelated flow noise on the hydrophone channels. The agreement between Eq. (4) and the vertical coherence data from the bottom of the Tonga Trench is consistent with recent observations of wind-generated noise in the Philippine Sea. 6 In the latter case, the theory of Cron and Sherman 31, 32 was found to match the measured vertical coherence functions throughout the water column, 6 from immediately beneath the sea surface to a depth of approximately 6000 m, provided that the local sound speed at any given depth was used in Eq. (3) in converting the experimental frequency to normalized angular frequency,
x. For both locations, it may be concluded that the seabed is essentially transparent to sound, otherwise, if the seabed were a good acoustic reflector, the noise field would be more or less symmetrical about the horizontal, with similar downward-and upward-traveling components, in which case the imaginary part of the vertical coherence function would be zero (or near zero). That this is not so is an indication that the seabed in these deep ocean environments is in fact a very poor acoustic reflector. Such a conclusion is consistent with the very-finegrained nature of the sediment found at the bottom of the Tonga Trench (Fig. 6) . The sound speed in this type of siltyclay material is much the same as that in the water column and the density is a little higher than that of seawater. A measure of the acoustic albedo of such a density-contrast bottom is provided by the Rayleigh (power) reflection coefficient 34
where q 1 and q 2 are, respectively, the densities of seawater and sediment, and the sound speeds on either side of the bottom interface, being the same, have cancelled out of the right hand side. Taking q 1 ¼ 1070 and q 2 ¼ 1400 kg/m 3 , the latter as obtained from the Tonga Trench sediment sample, yields jVj 2 ¼ 0.0178 or À17.48 dB. Such poor acoustic reflectivity is consistent with the significantly non-zero amplitudes of the imaginary part of the vertical coherence returned by Deep Sound III in the Tonga Trench (Fig. 11) .
Since there is no discernible evidence of an upwardtraveling noise component in the coherence curves of Figs. 9 and 11, it is reasonable to conclude, not only that the seabed is a poor reflector of sound, but also that there are no subbottom reflectors within the penetration range of the ambient noise. In effect, the bottom acts as a homogeneous halfspace whose acoustic properties are almost identical to those of the water column. In other words, even close to the bottom boundary, the ocean in the Tonga Trench acts as though it were infinitely deep, at least as far as wind-generated ambient noise is concerned.
B. Horizontal coherence of wind-generated noise
With horizontally aligned sensors, the coherence function is purely real when the directional density function of the noise field is uniform in azimuth. Such a situation was considered by Cron and Sherman, 32 who developed an expression for the horizontal coherence of sea-surface noise in a semi-infinite, homogeneous ocean,
where J 1 (ÁÁÁ) is the Bessel function of the first kind of order unity.
In Fig. 12 , Eq. (7) is compared with the same horizontal coherence data as in Fig. 10 but plotted against the normalized angular frequency,
x. The latter was evaluated from Eq. (3) using the measured ( imaginary part of the data, beyond x ¼ 1.5p, exhibits verylow-amplitude oscillations about zero, suggesting the presence of an azimuthally non-uniform distribution of wind-generated sources. Moreover, at lower frequencies, the imaginary part of the data departs significantly from zero due to strong, highly directional arrivals, originating almost certainly from the R/V Roger Revelle.
C. Ship-generated lines
At lower frequencies, around 1 kHz and below, the power spectra in Fig. 8 , is also present in the spectra and in the horizontal coherence data.
In Fig. 9 , it can be seen that the lines S2, S3, and S4 are present in the imaginary parts of the vertical coherence functions, indicating that the associated signals are downward traveling; and, in Fig. 10 , these same lines, along with S5, also appear in the imaginary part of the horizontal coherence function, which, as mentioned earlier, is consistent with arrivals from a specific azimuthal direction. These observations strongly suggest that the narrow spectral lines S2 to S5 originate with the R/V Roger Revelle, which was 12.3 km to the south of the experiment site with its main engines idling. This conclusion is reinforced by the fact that the lines S2 to S5 are the 6th, 9th, 12th, and 20th harmonics of S1 (59.77 Hz), a narrow line, also from the parent vessel, that is present in the spectra of Fig. 8 , although it is not apparent in the coherence functions in Figs. 9 and 10 .
In addition to the narrow ship lines, the broad spectral peak, M1, is also present in the imaginary part of the horizontal coherence data (Fig. 10) . Again, this is indicative of an arrival from a specific azimuthal direction, as would be the case if the source were the support vessel, the R/V Roger Revelle.
D. Frame resonances
Above 5 kHz, the spectra in Fig. 8 and the coherence functions in Figs. 9 and 10 exhibit narrow lines labeled F1 (5.067 kHz), F2 (10.13 kHz), F3 (13.52 kHz), F4 (15.20 kHz), and U1 (19.2 kHz). Of these, the lines F1 to F4 appear in the real parts of the vertical and horizontal coherence functions but are absent from the corresponding imaginary parts. Physically, this implies that the signatures of each of these spectral lines, as they appear on the four hydrophones, Ch 0-Ch 3, are phase-locked, in the sense of the discussion following Eq. (2).
Referring to Fig. 2 , it will be recalled that the four hydrophones in Deep Sound III are mounted on a rectangular titanium frame cantilevered out from the main body of the instrument platform. Since the frame is not perfectly rigid, it could support flexural resonances if excited by an ocean-current flow past the system. Such frame resonances would be detected by the hydrophones as phase-locked signals, and the coherence of such signals would be purely real, consistent with the behavior exhibited by the lines F1-F4 in Figs. 9 and 10.
A supporting argument for the frame-resonance hypothesis is that the spectral lines F1, F2, and F4 form a harmonic series, suggesting that they have a common origin, namely, the frame. The line F3 is not part of this series, but it is harmonically related to a line at 27.03 kHz (not shown in the coherence plots), with purely real coherence, again suggesting that the origin is the titanium frame.
As for the narrow spectral line U1 at 19.2 kHz, it is present in both the real and imaginary parts of the horizontal coherence in Fig. 10 and in the vertical coherence in Figs. 9(a)  and 9(b) ; but it appears only in the real part of the vertical coherence in Fig. 9(c) . It is not inconceivable that this spectral line is associated with a higher-order frame resonance but it is difficult to be sure and at present its origin is regarded as unknown.
V. CROSS-CORRELATION
The cross-correlation function is the inverse Fourier transform of the cross-spectral density 35 w jk s ð Þ ¼ 1 2p
where s is the correlation delay time. In the case of a homogeneous noise field, the cross-spectral density can be expressed in terms of the coherence function as
where
is the power spectral density, which is uniform throughout the noise field. Assuming that the noise has been prewhitened, then S 0 is independent of frequency, in which case the cross-correlation function becomes
Following the argument introduced by Buckingham, 30, 36 the cross-correlation function can be normalized to
is the acoustic travel time between the two sensors, which are separated by a distance d in a medium of sound speed c. Thus, the normalized (dimensionless) cross-correlation function can be expressed as
is the normalized delay time and, for convenience, the same symbol for the coherence function has been retained, even though the independent variable has changed from x to x. From Eq. (3), of course, the normalized angular frequency can be written as
Since the normalized form of the cross-correlation function in Eq. (14) is used exclusively hereafter, it will be referred to as the cross-correlation function or simply the correlation function, which should not lead to any confusion. As a simple example of a cross-correlation function, consider plane-wave, isotropic, white noise, for which the coherence function 28 is well known to be (sin x)/ x. From Eq. (14), the corresponding cross-correlation function is easily shown to be a boxcar 30, 37 extending over the time-delay interval À1 s 1.
It will be appreciated that, since it applies to white noise, the normalization in Eq. (14) eliminates the effect of any spectral shading on the correlation function. If the effect of the noise spectrum were of interest, Eq. (14) could easily be modified to include the appropriate power spectral density function as a factor in the integrand. Using this approach, any reasonable spectral shape can be accommodated explicitly, including various forms of band-limiting imposed by filtering. 36 In passing it is worth noting that the area under the correlation function in Eq. (14) is
On the right hand side, the integral over the delay time, s, is just 2pd ( x) and hence
Since the coherence function is unity when the two sensors are coincident, that is, when x ¼ 0, it follows that the area under the correlation function is simply
and this is true regardless of the functional form of the correlation function. The condition in Eq. (18) provides a useful check on correlation functions computed from analytical or numerical models.
A. Vertical cross-correlation of wind-generated noise
To evaluate the vertical correlation function of the noise recorded by Deep Sound III at the bottom of the Tonga Trench, an inverse fast Fourier transform (IFFT) is applied to the vertical coherence function data in Fig. 9 . In effect, the IFFT provides an efficient means of evaluating the inversion integral in Eq. (14) . The results of the inversion procedure are shown in Figs. 13(a)-13(c) as functions of normalized delay time for the three vertically aligned sensor pairs on Deep Sound III.
As an aid to interpreting the vertical correlation curves in Figs. 13(a)-13(c) , the expression of Cron and Sherman 31, 32 for the vertical coherence function of seasurface noise [Eq. (4)] may be substituted into Eq. (14), giving rise to an integral that can be evaluated explicitly, leading to the result 30, 36 v jk ð sÞ ¼ 4½uð sÞ À uð s À 1Þ s; (19) where u(ÁÁÁ) is the Heaviside unit step function. The theoretical correlation function in Eq. (19) is plotted as the solid black curves in Figs. 13(a)-13(c) . Note that the area under the curve in Eq. (19) satisfies the condition in Eq. (18) . Despite the fact that the data in Figs. 13(a)-13(c) include ship noise from the R/V Roger Revelle, along with higher frequency frame resonances, the simple sea-surface noise theory follows the trends of the experimental observations reasonably closely. For normalized delay times that are either negative or greater than unity, the theoretical correlation is zero and the experimental data can be seen to be close to zero. In the normalized time-delay interval [0,1] the theoretical curves rise linearly with delay time and the data ramp up in a similar (but not identical) fashion. In the theoretical model, of course, the identically zero correlation for negative time delays derives from the fact that all the surfacegenerated noise in an infinitely deep, homogeneous ocean travels downward, with an absence of upward traveling components. That the data are also close to zero for negative delay times is consistent with the argument made earlier, based on the reflection coefficient in Eq. (6) , that the seabed in the Tonga Trench is essentially transparent to sound and hence does not give rise to a significant reflected, upwardtraveling component in the noise field.
As for the differences between theory and experiment, the vertical correlation data in Figs. 13(a)-13(c) for all three hydrophone pairs exhibit a small peak at zero time delay that is not present in the theory. This peak could be associated with the phase-locked frame resonances, which may introduce a non-zero mean into the real part of the coherence function that would produce a peak in the cross-correlation function at zero time delay. Also, in all three cases, the principal peak in the data is lower than predicted by the seasurface noise theory, consistent with the corresponding, small amplitude mismatches in the coherence curves of Fig.  11 ; both could arise from a low-level presence of uncorrelated flow noise on the hydrophones. Notwithstanding these minor discrepancies, the wind-generated noise theory and data show overall satisfactory agreement, indicating that factors such as acoustic interference from the R/V Roger Revelle, resonances of the titanium frame, and turbulent flow past the sensors have a relatively minor effect on the vertical cross-correlation function of the noise.
B. Horizontal cross-correlation of wind-generated noise
As with the vertical coherence, an IFFT may be applied to the Deep Sound III horizontal coherence data in Fig. 10 to obtain the horizontal cross-correlation function. This procedure returns the correlation data shown in Fig. 13(d) . [A spike in the correlation curve at zero time delay, originating in the non-zero area under the real part of the coherence function, has been removed from the data in Fig. 13(d) .] The corresponding theoretical curve for sea-surface noise is obtained by substituting the expression of Cron and Sherman 32 in Eq. (7) into Eq. (14) for the cross-correlation function. The resultant integral can be evaluated explicitly, leading to the expression
which is easily shown to satisfy the condition in Eq. (18) .
[N.B. In Ref. 36 , the factor 1/p was inadvertently omitted from Eq. (35) for the sea-surface noise horizontal correlation function, although the corresponding plot in Fig. 10(b) is correct.] The theoretical curve in Fig. 13(d) , evaluated from Eq. (20) , has the shape of a symmetrical dome centered on a delay of zero. The corresponding cross-correlation data follow a similar but not identical trend, the main discrepancies being a broad dip in the data around zero delay, which is flanked on either side by slightly asymmetrical lobes. The dip in the correlation data at zero delay is indicative of a noise field that is weaker broadside relative to end-fire, whereas the slight asymmetry of the lobes is consistent with the small but finite amplitude oscillations of the imaginary part of the horizontal coherence data in Fig. 12 , beyond x ¼ 1.5p. Although weak, the asymmetry in the lobes and the non-zero imaginary coherence are both symptomatic of a noise directional density function that is asymmetric about the perpendicular bisector of the line joining the horizontally aligned hydrophones, Ch 2 and Ch 3. (The symmetric component about this perpendicular gives rise to the real part of the horizontal coherence function. 28 ) To model the non-zero imaginary component of the horizontal coherence data, the zero-delay correlation trough, and the asymmetrical lobes in the correlation function, the azimuthally uniform directional density function of Cron and Sherman 31,32 must be abandoned in favor of a noise field that shows significant variations in the horizontal.
VI. AZIMUTHALLY NON-UNIFORM NOISE
Two possible sources could account for azimuthal nonuniformities in the noise field in the Tonga Trench: the highly directional sounds from the R/V Roger Revelle; and spatial shaping of the wind-generated noise field by the trench bathymetry. In order to incorporate these two mechanisms into a theoretical model of the noise field, the noise sources are modeled as a random distribution of impulsive monopoles situated in a plane immediately beneath the pressure-release sea surface, just as in the Cron and Sherman 31, 32 sea-surface noise model, but now the source concentration is taken to be non-uniform in azimuth.
A superposition of four noise components is constructed: an azimuthally uniform component, representing wind-generated noise from the whole sea surface; two (19) and (20), respectively, for the vertical and horizontal crosscorrelation of sea-surface noise.
wind-generated, "bathymetric" lobes of equal magnitude but of opposite bearing, both closely aligned with the axis of the trench; and a third lobe, similarly aligned, representing the noise generated by the R/V Roger Revelle. The two bathymetric lobes account for acoustic shadowing by the walls of the trench, which tends to suppress wind-generated noise propagating normal to the trench axis, while leaving the parallel noise unaffected.
The three azimuthally non-uniform noise components are represented by von Mises circular distribution functions 38 from directional statistics. The von Mises function is uni-modal, with the angular width and the bearing of the peak each being controlled by just one parameter. By forming a linear combination of all four noise components, the directional density function of the (downward-traveling) noise may be written as
a n e Àu n e u n cos /À/ n ð Þ sin ph 2h n ( ) cos h; for 0 h p=2;
where, for the nth noise peak, a n is the ratio of the peak height to the isotropic level, u n is the measure of the angular width of the von Mises peak, / n is the bearing of the peak, and h n its elevation. The parameter a 0 represents the level of the azimuthally uniform component of the wind-generated noise.
One advantage of Eq. (21) as a representation of the directionality of the noise field is that the associated horizontal coherence and correlation functions can be expressed analytically, in both cases in terms of a single integral with finite limits, 38 which may be easily and efficiently evaluated numerically. The horizontal coherence function corresponding to the noise directionality in Eq. (21) is, from Cox,
where x is as defined in Eq. (15) and the upper limit of p/2 on the inner integral reflects the fact that all the noise is downward traveling. By setting the sensor separation equal to zero, Eq. (22) reduces to the normalization condition 1 4p
Now, an attractive feature of the von Mises distribution is that, when integrated over the interval [0, 2p] , the result is independent of the position of the peak, / n ,
where I 0 (ÁÁÁ) is the modified Bessel function of the first kind of order zero. With the aid of this expression and the normalization condition in Eq. (23), the scaling constant a 0 , representing the level of the azimuthally uniform component of the noise, is found to be
a n e Àu n I 0 u n ð Þ sin p The coherence function itself is obtained by substituting Eq. (21) into Eq. (22) . This yields an expression involving several multiple integrals, but these may be reduced to a single integral following the procedure described by Walker and Buckingham. 38 The final expression for the coherence function is
a n e
Àu n ð p=2
where J 1 (ÁÁÁ) is the Bessel function of the first kind of order unity, and
Once the parameters of the von Mises peaks have been specified, it is a straightforward matter to evaluate numerically the expression in Eq. (23) for the coherence function of the azimuthally non-uniform noise field. The associated cross-correlation function may likewise be expressed in terms of a single integral with finite limits.
Again, since the details of the analysis may be found elsewhere, 38 the result is simply stated here:
where sgn(ÁÁÁ) is the signum function, a 0 is as given in Eq. (25) , and the function in the numerator of the integrand is
As with the previous correlation functions, the expression in Eq. (28a) satisfies the condition in Eq. (18), which is most easily demonstrated through a numerical integration. Once the parameters of the von Mises peaks have been specified, the cross-correlation function in Eq. (28) may be readily evaluated numerically.
As illustrated in Fig. 1(b) , the axis of the Tonga Trench at the experiment site is known from the on board INS to have been almost parallel to the vector connecting the two horizontally aligned hydrophones on Deep Sound III. With the depth of the instrument and the position of the R/V Roger Revelle also known, appropriate estimates were made for the model parameters h n and / n , while the remaining von Mises parameters, that is to say, the angular width, u n , and relative amplitude, a n , were adjusted to give the best agreement with the coherence and correlation data. Table I shows the values of the parameters of all the von Mises peaks used in the model. Note that the azimuthal angles in Table I are relative to the vector connecting the two horizontally aligned sensors. Figure 14 shows the same horizontal coherence data as in Fig. 12 but now compared with the theoretical horizontal coherence function in Eq. (26) , which allows for azimuthal variations in the noise field. There is a marginal improvement in the match to the data, relative to that of the Cron and Sherman 31,32 model shown in Fig. 12 . In the imaginary part of the von Mises expression shown in Fig. 14 , very small (barely perceptible) departures from zero occur, reflecting the asymmetry in the noise (due to the R/V Roger Revelle) about the perpendicular bisector of the line connecting the hydrophone pair.
The same set of horizontal cross-correlation data as in Fig. 13(d) is shown in Fig. 15 , along with the von Mises expression computed from Eq. (28) . It is clear that the azimuthally non-uniform noise field gives rise to new features in the theoretical cross-correlation function that are consistent with the data, notably the broad, shallow trough centered on zero delay, which is associated with the bathymetric shadowing by the walls of the trench, and the asymmetry between the peaks labeled A 1 and A 2 located on either side of the origin of the delay time, which is due to the highly directional noise from the R/V Roger Revelle.
Although it may look like an artifact, the downwardpointing spike at zero delay is a genuine feature of the theoretical curve in Fig. 15 , with a minimum value of a 0 /p, as is readily shown from Eq. (28) . This spike is associated with the non-zero area under the coherence function in the frequency domain, which transforms into a spike at the origin of the correlation function in the time-delay domain. By way of contrast, the matching local minimum in the crosscorrelation data in Fig. 15 is an artifact, introduced by a judicious adjustment of the area under the coherence function data that were used in computing the cross-correlation function. (A constant, chosen to obtain a match between the zero-delay minima in the cross-correlation data and theory, was added to the coherence function data.) Apart from the local minimum at zero delay, the data shown in Fig. 15 are the same as those in Fig. 13(d) .
Without this adjustment, the size of the zero-timedelay local minimum in the cross-correlation data would not match the corresponding spike in the theory, the reason being that the coherence data are band-limited, having been low-pass filtered to remove high-frequency uncorrelated noise. Since the area under the coherence function varies with the bandwidth, so too does the size of the local minimum at zero delay in the correlation data. The theoretical coherence function, on the other hand, extends over an infinite bandwidth and hence the area under the theoretical curve possesses a unique value, which translates into the sharp spike at the origin in the time-delay domain shown in Fig. 15 .
Although the similarity in the sizes of the theoretical and experimental minima at zero time delay in Fig. 15 is the result of an arbitrary adjustment, the remaining features of the curves in Fig. 15 are physically significant. In particular, as discussed above, the broad, shallow trough centered at zero delay is an effect of bathymetric shadowing, whereby the walls of the Tonga Trench tend to block wind-generated noise propagating across the trench; and the asymmetry between the peaks labeled A 1 and A 2 on either side of the origin is associated with the highly directional acoustic arrivals from the R/V Roger Revelle.
VII. CONCLUDING REMARKS
In September 2012, the deep diving instrument platform Deep Sound III resided on the bottom of the Tonga Trench at a depth of 8515 m for almost 3 h, recording ambient noise data on three vertically and two horizontally aligned hydrophones. The system descended under gravity and, on releasing a drop weight, ascended under buoyancy, at a speed of 0.5 m/s, for a round trip time of just over 12 h. After returning to the surface, recovery was facilitated with the aid of a high intensity light emitting diode (LED) strobe light.
The spatial coherence functions and cross-correlation functions of the ambient noise at the bottom of the Tonga Trench were computed from the randomly fluctuating time series on the three available pairs of vertical channels and the single pair of horizontal channels. In the case of the vertical channels, the coherence and correlation data closely match the predictions of the simple theory of sea-surface noise in a homogeneous, semi-infinite ocean of Cron and Sherman, 31, 32 provided that the local sound speed at the bottom of the trench (1605 m/s) is used in the computations necessary to make the comparisons. This agreement between the simple theory and the vertical noise data provides some insight into the nature of the seabed at the bottom of the Tonga Trench.
All the noise in Cron and Sherman's theory 31,32 is downward-traveling, since no bottom reflections occur in an infinitely deep ocean. The match between the theory and the vertical coherence and cross-correlation data indicates that the ambient noise as recorded by the hydrophones must also be predominantly downward traveling. This implies that, although the sensors were in the immediate vicinity of the seabed, the bottom boundary did not significantly influence the noise field. In effect, the bottom must be essentially transparent to sound, otherwise acoustic reflections would occur, thereby introducing an upward-traveling component into the noise field; but neither the vertical coherence nor the vertical cross-correlation show any significant effect that could be attributed to upward traveling noise.
Typical deep-sea sediments consist of very-fine-grained materials in which the sound speed is very much the same as that in the water column and the density is slightly higher than that of seawater. Samples of the Tonga Trench sediment, taken at much the same time as the ambient noise experiments were performed, were in fact found to consist of a very-fine-grained material, with a mean grain diameter of 8.2 phi units (3.4 lm), a porosity of between 0.8 and 0.9 and a density of approximately 1400 kg/m 3 , which is slightly higher than that of seawater. Such a density-contrast bottom is a very poor reflector of sound, acting essentially as a transparent acoustic boundary, which is entirely consistent with the vertical coherence and cross-correlation functions of the ambient noise that were recovered from Deep Sound III while it resided on bottom of the Tonga Trench.
The horizontal coherence and cross-correlation functions of the ambient noise at the bottom of the Tonga Trench show certain features that do not conform to the surface-generated noise theory of Cron and Sherman. 31, 32 These features are attributed to an azimuthally non-uniform distribution of noise sources, which comes about as a result of two mechanisms: highly directional acoustic arrivals from the support vessel, the R/V Roger Revelle, which was standing off 12.3 km to the south of the experiment site with its main engines idling; and bathymetric shadowing of wind-generated noise by the walls of the Tonga Trench. The sound from the R/V Roger Revelle created an asymmetry in the cross-correlation function of the noise, while the bathymetric shadowing introduced a broad minimum, centered on zero time delay, in the crosscorrelation function. Both effects are modeled more satisfactorily by a von Mises, azimuthally non-uniform distribution of noise sources 38 than by the uniform distribution of the Cron and Sherman theory. 31, 32 The essential conclusion from the von Mises analysis is that bathymetric shadowing from the walls of the Tonga Trench influences the horizontal directionality of the wind-generated noise just above the seabed: across the axis of the trench, the noise is partially blocked by the walls, whereas along the axis it is unimpeded. development of the Deep Sound instrument platforms. The professional assistance of the captain and crew of the R/V Roger Revelle during the Tonga Trench ambient noise experiments is greatly appreciated. Rosa Leon of Professor Douglas Bartlett's research group at SIO provided the sediment samples from the Tonga Trench, for which we are grateful. Dieter Bevans produced numerous images of sediments grains and made laboratory measurements of the sediment properties; and John Bruce assisted in developing the flow shields for the hydrophones. The research reported in this paper was supported by the Office of Naval Research, Ocean Acoustics Code 322OA, under Grant Nos. N00014-10-1-0092, N00014-14-1-0247, and N00014-10-1-0286 25786A, sponsor: Dr. Robert Headrick.
